a scorbic acid (AA) has numerous metabolic functions that are largely dependent on its potent toxin-reducing properties (1) . AA acts as a cofactor in reactions catalyzed by several metal-dependent oxygenases, such as Cu + -dependent monooxygenases including peptidylglycine α-amidating monooxygenase involved in peptide hormone synthesis (2, 3) ; dopamine β-hydroxylase, a component of norepinephrine synthesis (4,5); and Fe 2+ /α-ketoglutarate-dependent dioxygenases including prolyl and lysyl hydroxylases, which stabilize the triple helical structure of collagen (6, 7) . Moreover, AA functions as an electron donor and scavenges free radicals such as superoxide radicals (8) and hydroxyl radicals (9) .
Humans and guinea pigs fail to synthesize AA in vivo because they lack l-gulonolactone oxidase, the enzyme that catalyzes the last step of the AA synthesis pathway (10) . Similarly, the ailment termed osteogenic disorder shionogi in rats and Gulo knockout (KO) mice, which also lack gulonolactone oxidase, stems from their failure to synthesize AA in vivo (11, 12) . A recent report described aldehyde reductase and aldose reductase double-KO mice that were unable to synthesize AA and developed scurvy (13) . Aldehyde reductase and aldose reductase catalyze the conversion of d-glucuronic acid to l-gulonic acid, the enzyme of the antepenultimate step of the AA synthesis pathway. Therefore, these animals must obtain AA from dietary sources.
Senescence marker protein-30 (SMP30) is a 34-kDa protein whose expression in the liver, kidney, and lung decreases with age in an androgen-independent manner (14, 15) . Previously, we revealed that SMP30 was a gluconolactonase (GNL) responsible for the conversion of l-gulonic acid to l-gulono-γ-lactone, the enzyme of the penultimate step of the AA synthesis pathway (16) . In addition, SMP30/GNL KO mice developed symptoms of scurvy when fed an AA-free diet. Therefore, SMP30/GNL KO mice are extremely valuable for investigating the physiological functions of AA in vivo.
AA is thought to be required for the maintenance of pregnancy and fetal development. However, the effects of the absence of AA on embryonic and neonatal development during pregnancy have not been determined, with the exception of a reported detriment to brain development (17, 18) . Therefore, we have examined pregnant mice completely or partially deprived of AA to test embryonic and neonatal development. In SMP30/GNL KO mice, the absence of AA resulted in the death of embryos in utero, and a low intake of AA during gestation induced readily apparent abnormal tissue development in newborns.
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Effects of a Maternal Absence of AA on the Fetus During Gestation
After mating SMP30/GNL KO males and females, we confirmed the latter's pregnancy by the presence of a vaginal plug. These females were divided into a normal AA (AA (+)) group and an absent AA (AA (−)) group (Figure 1a) . The AA (+) group had free access to water containing 1.5 g/l AA, whereas the AA (−) group was given water without AA. AA (−) mothers tested at the start of gestation (day 0) had plasma AA levels of 61.9 ± 4.4 µmol/l (Figure 1b) . However, at days 5, 10, and 15 of pregnancy, this group's AA levels in plasma decreased significantly to 14.7 ± 2.0, 5.3 ± 1.0, and 1.8 ± 0.3 µmol/l, respectively. Moreover, by day 20 of pregnancy, the AA (−) SMP30/ GNL KO mice had no detectable AA in their plasma. On the contrary, the AA levels in plasma of AA (+) SMP30/GNL KO mice were not different from those of days 0 to 15 of pregnancy, although the difference became statistically significant when days 0 and 20 of pregnancy were compared (Figure 1b) .
The maternal body weight of each SMP30/GNL KO mouse on the first gestational day (day 0) was 21.4 ± 0.6 g. These AA (−) mothers increased in weight from day 0 to 15 of pregnancy and then decreased from gestational days 15 to 20 (Figure 1c) . On the other hand, AA (+) SMP30/GNL KO mothers gained weight throughout their 20 d of pregnancy. Furthermore, the difference in body weight between AA (+) and AA (−) SMP30/ GNL KO females was significant at day 20 of pregnancy ( Figure 1c) .
The young of AA (+) SMP30/GNL KO mice were born and matured normally. However, none of the fetal mice from AA (−) SMP30/GNL KO mice achieved live birth, even after the expected 20 d of pregnancy. To establish the cause, some uteri were extirpated from AA (−) SMP30/GNL KO mice on day 19 prepartum. All fetuses were already dead, but even then their development was incomplete (Figure 1d) . In stark contrast, during the same time period all fetuses of AA (+) SMP30/GNL KO mice were alive and normal (Figure 1e) . AA (−) SMP30/GNL KO mice carried significantly fewer fetuses (mean litter size 5.3 ± 0.6) on prepartum day 19 than AA (+) SMP30/GNL KO mice (mean litter size 8.4 ± 1.2), as depicted graphically in Figure 1f .
Effect of Low AA on the Fetus During Gestation
Because the complete lack of AA during gestation resulted in embryonic lethality, we next examined the effect of low AA intake on fetal development. Female SMP30/GNL KO mice were divided into two groups: normal AA (AA (+)) recipients of 1.5 g/l AA in water and low AA (AA (Low)) recipients of 0.0375 g/l AA ad libitum (Figure 2a) . The plasma of AA (Low) SMP30/GNL KO mice at the start of gestation (day 0) contained 2.7 ± 0.7 µmol/l AA, which was <5% of that for AA (+) SMP30/GNL KO mice, and on day 20 of pregnancy this former group (Low) had virtually no AA in their plasma (i.e., only 0.5 ± 0.1 µmol/l) (Figure 2b ).
All AA (+) and AA (Low) SMP30/GNL KO mice gave birth (Figure 2c-e) . Respiratory failure, systemic bleeding (Figure 2d) , and anophthalmia ( Figure 2e) were observed in some of the neonates from AA (Low) SMP30/GNL KO mice, but none of the AA (+) SMP30/GNL KO mice had these abnormalities (Figure 2c) . The percentages of respiratory failure, systemic bleeding, and anophthalmia of neonates from AA (Low) SMP30/GNL KO mice were 15.7, 11.8, 
Whole-Body and Tissue Disparities of Fetal Mice After Day 19 of Pregnancy
To investigate the effect of low AA and avoid the influence of breastfeeding on neonatal development, some fetal mice were extirpated at prenatal day 19, just before birth, from the AA (+) and AA (Low) SMP30/GNL KO mice. At that time, both the body weights and the body lengths differed significantly between the fetuses from AA (+) and AA (Low) SMP30/GNL KO mice (Table 1) . Moreover, the cardiac tissues of fetal AA (Low) mice weighed significantly less than those of the AA (+) mice, although the lungs and liver of the two groups did not significantly differ in weight ( Table 1) .
AA Content of Whole Body and Tissues in the Fetal Mice at Day 19 of Pregnancy
The AA levels of whole body, heart, lung, and liver in the fetal mice from AA (Low) SMP30/GNL KO mice were <10% of that in the matched AA (+) SMP30/GNL KO mice ( Table 1) .
Morphological Analysis of Neonatal Mice Within 24 h After Birth
To examine further the effect of low AA on fetal development, we prepared whole-body sections of neonates from the AA (+) and AA (Low) groups within 24 h after birth and stained the tissues with hematoxylin and eosin. Abnormalities were notable in numerous tissues including the heart, lung, liver, and vertebral column of infants from AA (Low) SMP30/GNL KO mice as compared with those from AA (+) SMP30/GNL KO mice (Figure 3a,b) . In the liver, congestion was marked in the AA (Low) SMP30/GNL KO neonates (Figure 3c,e) , but not in their AA (+) SMP30/GNL KO counterparts (Figure 3d,f) . In the heart, the epicardium was significantly larger in AA (Low) SMP30/GNL KO mice (9.6 ± 0.1 mm) than in AA (+) SMP30/GNL KO mice (8.5 ± 0.2 mm) (Figure 4a,b,e) . At the chest side, apex, and back side of the neonates' myocardium, AA (Low) SMP30/GNL KO fetal mice had significantly thinner dimensions than those found in the matched AA (+) group (Figure 4a-c,d,f) . Thinning of the AA (Low) group's myocardial wall at the chest side was evident in a microscopic high-power field as compared with samples from AA (+) SMP30/GNL KO mice (Figure 4c,d) . Moreover, elastin fiber composed of arterial media was configured loosely in the neonatal mice from AA (Low) SMP30/GNL KO dams (Figure 4g) . However, elastin fibers of the aortic wall were assembled properly in the neonates from AA (+) SMP30/GNL KO mothers (Figure 4h) . The lungs were notably congested in neonatal mice from AA (Low) SMP30/GNL KO mice (Figure 5a ) but not AA (+) stock (Figure 5b) . To evaluate the size of pulmonary airspaces, we measured the mean linear intercepts. At 48.1 ± 1.6 µm, the mean linear intercepts from AA (Low) SMP30/GNL KO mice were significantly smaller than those from AA (+) SMP30/ GNL KO mice (Figure 5c ), which were 76.5 ± 2.8 µm.
In the thoracic vertebral column, we noted dramatic impairment of vertebral bodies, which contained a core of hypertrophic chondrocytes flanked with prehypertrophic cells and proliferating chondroblasts in AA (Low) SMP30/GNL KO mice but not in their AA (+) partners (Figure 6a,b) . 
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In the present study, we examined the impact of maternal AA consumption on fetal development by comparing two conditions of the vitamin's intake and three outcomes. The SMP30/ GNL KO mice used in this study lack the capacity to synthesize AA in vivo, thereby providing a useful model for analyzing environments of absent AA or low AA vs. normal AA. In the absence of AA, SMP30/GNL KO mothers did not produce live births even after the expected full term; that is, all their fetuses died in utero because of incomplete development during the gestational period. On the other hand, all SMP30/GNL KO mothers with a minimal AA intake (AA (Low)) bore live progeny, but we found that the mothers' inadequate intake of AA, caused by a diet low in AA given for 30 d prior to and during gestation, yielded offspring with abnormal cardiac dilation, congestion of the liver and lungs, incompletely expanded pulmonary alveoli, and impaired vertebral bodies. In fact, this is the first report to recognize an association between a low AA intake and abnormal heart development.
In the state of absent AA, the SMP30/GNL KO mothers had significantly decreased plasma AA levels during gestation. At day 5 of pregnancy, their plasma AA levels were already 24% lower than at the start of gestation (day 0). Subsequently, the plasma AA levels decreased dramatically and finally became undetectable at day 20 of pregnancy. Similarly, others reported that the plasma AA levels of humans were depleted 4 wk after ingesting an AA-free diet (6). In normal AA (i.e., AA (+)) SMP30/GNL KO dams, plasma AA levels had decreased slightly during gestational days 0 to 15, yet at day 20 of pregnancy dropped to a significant 38% lower than on gestational day 0. In dramatic contrast, the body weights of fetuses born to AA (+) mothers increased markedly during late gestation; therefore, AA must be necessary to produce a normal skeletal structure during fetal development.
In the group of SMP30/GNL KO mothers given a minimal AA (i.e., AA (Low)) diet for 30 prenatal days, the plasma levels of AA were <5% of that in their AA (+) counterparts. Moreover, at 20 d of pregnancy, the barely detectable levels of AA in the plasma of these AA (Low) mice were <1.4% of the content in AA (+) mice. Still, these maternal plasma AA levels were enough to prevent an embryonic demise, so that neonates of AA (Low) SMP30/ GNL KO mice were born alive, although most died within a few days. Moreover, some of the young had extensive internal hemorrhages and eye abnormalities such as microphthalmia and anophthalmia. Clearly, AA has an important role in angiogenesis and eye development during the gestational period. Accordingly, Sotiriou et al. (19) reported that sodium-dependent vitamin C transporter 2 KO mice, which lacked an AA transporter, died from respiratory failure and diffuse cerebral hemorrhage within a few minutes of birth. Thus, AA is essential not only for prenatal normality but also for perinatal survival.
Many studies have been carried out to elucidate the role of AA in brain development. In one such study, the AA concentration in the human forebrain at 11-19 wk of gestation proved to be 4-11 times higher than that of adults (20) . Qiu et al. (17) reported that cultured hippocampal neurons from fetal AA, ascorbic acid; GNL, gluconolactonase; KO, knockout; SMP, senescence marker protein.
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sodium-dependent vitamin C transporter 2 KO mice exhibited stunted neurite outgrowth in the absence of AA. Harrison et al. (21) additionally noted that AA depletion during prenatal and postnatal development led to elevations in oxidative stress in the brains of Gulo KO mice. However, those studies did not clarify whether the absence of AA during gestation affected other tissues during fetal and neonatal life. Our morphological analysis of whole-body sections revealed tissue abnormalities in the heart, lungs, liver, and vertebral column of neonates from AA (Low) SMP30/GNL KO mice. In particular, the liver and lungs of these offspring manifested markedly severe congestion, presumably caused by some malfunction of the circulatory system. In fact, the hearts of these infant mice from AA (Low) SMP30/GNL KO mothers were abnormally enlarged. The myocardium was significantly thinner than that of the offspring from AA (+) SMP30/GNL KO mice, as documented here for the first time. Moreover, pulmonary alveoli were incompletely expanded in the neonates from AA (Low) SMP30/GNL KO mice. Similar results were observed in the lungs from sodium-dependent Articles vitamin C transporter 2 KO mice in which pulmonary alveoli failed to expand postnatally (19) . These results suggest that a low intake of AA during the gestational period leads to congestive heart failure in neonatal mice. Still, direct physiological evidence for such cardiac failure is exiguous because the cause of this cardiac dilation might be impaired heart contractility and/or decreased resistance of internal blood pressure. However, Maeda et al. (12) also reported that an absence of AA led to aortic wall damage in Gulo KO mice. If so, a complete AA deficiency could cause the fragile heart of a fetal mouse to fail during the gestational period, although the mechanism of action is still unclear. AA is also an essential cofactor in the hydroxylation of proline and lysine, which contribute to the stability of collagen's triple helix conformation (6,7), act as electron donors, and reduce reactive oxygen species such as superoxide radicals and hydroxyl radicals (8, 9) . Therefore, the cause of tissue abnormalities in neonates from AA (Low) SMP30/GNL KO mothers might be impaired collagen formation and/or a surfeit of oxidative stress. In fact, we previously reported that a complete lack of AA causes emphysema resulting from oxidative stress and a decrease of collagen synthesis in the lungs of SMP30/ GNL KO mice (22) . Moreover, one reason why all fetuses deprived of AA died in utero could be a collagen deficiency, because col1a1 KO mice, which cannot synthesize type 1 collagen, suffer from an embryonic lethal mutation (23) .
In summary, we found that an absence or low intake of AA during pregnancy induced multiple abnormalities in the developing tissues of SMP30/GNL KO mice. Therefore, a diet that supplies an adequate amount of AA is essential to provide optimal conditions for fetal and neonatal health.
METHODS
Animals
SMP30/GNL KO mice were generated by the gene-targeting technique as described previously (24) . ) mice under normal AA conditions; that is, the mice had free access to water containing 1.5 g/l AA and 100 µmol/l EDTA. The concentration of AA in the drinking water was enough to maintain normal AA levels in all tissues (25) . EDTA was added to stabilize AA in drinking water, which retained that stable state at least for 4 d. Water bottles were changed every 3 or 4 d. In addition, all mice were fed an AA-free diet (CL-2, CLEA Japan, Tokyo, Japan) ad libitum. Throughout the experiments, animals were maintained on a 12-h light/dark cycle in a controlled environment. All experimental procedures using laboratory animals were approved by the Animal Care and Use Committee of the Tokyo Metropolitan Institute of Gerontology. 
Low AA Conditions
Before mating, female SMP30/GNL KO mice were grouped as AA normal (AA (+)) or AA low (AA (Low)). The AA (+) group received water with 1.5 g/l AA (100%, normal AA), and the AA (Low) group received water with 0.0375 g/l AA (2.5%, low AA) for 30 d. During a 12-h period, both groups were then mated with SMP30/GNL KO (SMP30/GNL Y/− ) males. The impregnated AA (+) and AA (Low) SMP30/GNL KO females (i.e., vaginal plug-positive) continuously received water containing 1.5 g/l AA and 0.0375 g/l AA containing 100 μmol/l EDTA, respectively, during the gestational period. Some fetuses of the AA (+) and AA (Low) SMP30/GNL KO mice were extirpated on day 19 of pregnancy. The tissues of interest were weighed and stored at −80 °C until use. Neonatal mice were collected within 24 h after birth. Some neonates of the AA (+) and AA (Low) SMP30/ GNL KO mice were maintained to evaluate each life span under the same AA conditions. The number of dead neonatal mice was counted.
Morphological Analysis
For whole-body analysis, the neonatal mice were killed, fixed in a 10% formalin neutral buffer solution (Wako Pure Chemicals, Osaka, Japan), embedded in paraffin, and sectioned into 4-µm thicknesses along the median line for histology. The sections were deparaffinized and then subjected to staining with hematoxylin and eosin, Elastica van Gieson, or Azan. Digital images of all specimens were captured using the virtual slide imaging system, VS100 (Olympus, Tokyo, Japan). For morphologic evaluation, uniform sagittal plane sections of the heart including the left atrium, left ventricular and left atrial appendages, pulmonary vein, aorta, and apex were prepared. The epicardial length of the heart and the thickness of the myocardium adjacent to the chest, apex, and back side in the left atrium were measured using WinROOF image analysis software (Mitani, Fukui, Japan). For morphologic evaluation of the lungs, the intra-alveolar wall distance was assessed by determining the mean linear intercepts according to the method described by Thurlbeck (26) . More than 10 randomly selected fields in each section at ×100 magnification were used for the calculation of mean linear intercepts.
Measurement of AA
AA was measured using high-performance liquid chromatography and electrochemical detection according to the methods described previously (27) .
Statistical Analysis
The results are expressed as means ± SEM. The probability of statistical differences between experimental groups was determined by one-way ANOVA followed by Dunnett and Tukey HSD post hoc comparisons and Student's t test using KaleidaGraph software (Synergy Software, Reading, PA). Statistical differences were considered significant at P < 0.05.
